Abstract
Introduction
The ability to handle multiple standards with low production cost is highly demanded for the wireless terminal these days. The direct conversion receiver(DCR) architecture is favored due to the possibility of a high level integration with multi-standard operability at low production cost. In the DCR, intermediate frequency(IF) circuitry such as SAW filter is not required and die area can be minimized. The zero-IF mixer of DCR downconverts strong out-of-band interferers with weak in-band signals, and intermodulation products generated by interferers fall in-band even after channel selection. These in-band blockers go through all baseband(BB) stage and experience a very high BB gain, which can saturate the BB circuitry. Therefore, the allowable gain is limited, and the noise performance becomes more crucial for the weak in-band wanted signal.
Figure 1. Baseband Analog Chain for Direct Conversion Receiver
International Journal of Software Engineering and Its Applications Vol. 10, No. 8 (2016) Figure 1 shows the baseband analog chain for WCDMA DCR. The BB chain is composed of Buffer Amplifer(BA), Channel Selection Filter(CSF), Variable Gain Amplifier(VGA) and DC offset Canceller(DCOC). The main role of a channel selection filter is to select the wanted signal bandwidth with low noise and high linearity characteristics. An elliptic filter is favored due to the steep response and OP-amp RC type structure is preferred for the filter due to good linearity. Active-RC filters contain inherent noisy elements such as OP-amps and resistors which generate a certain amount of noise voltage to the filter output [1] . Low-valued resistors and low noise OP-amps can be thought as a simple solution for the low noise filter. However, low resistance causes large-size capacitance which makes high level integration difficult. And it is not the noisy element itself which determine the noise characteristics of circuits, but the structure determines the noise properties of a certain circuit.
In this paper, a noise analysis, design procedure and techniques for the noise optimized chanel selection filter are described. For enough out-of-band suppression, a sixth-order elliptic filter is designed and implemented in a 0.35μm BiCMOS technology. The measurement results are also presented.
Channel Selection Filter Design for WCDMA
A 6th-order elliptic low-pass filter is designed for the WCDMA direct conversion receiver. The elliptic filter is implemented as a cascade of three 2nd order biquadratic functions and equation (1) shows the transfer function of each 2nd order biquad circuit [2] .
The elliptic characteristics have a steep frequency response and are suitable for the channel selection of WCDMA Rx standards. Figure 2 shows a schematic diagram of the 2nd order biquad circuit. The active-RC type structure is used for its high linearity performance compared with the transconductance-C (Gm-C) type. The biquad transfer function coefficients K 2 , K 1 , K 0 , Q and ω n of equation (1) are provided as follows to generate low pass filter characteristics [3] . 
The DC gain, cutoff frequency and the quality factor Q of the biquad is given in equation (3). 
To generate 6th-order elliptic low-pass characteristics, the values of resistances and capacitances are selected as depicted in Table 1 . The filter has cut-off frequency of 2.3MHz with 5.32dB transfer gain. 
Filter Noise Analysis
In this section, noise analysis of the filter is presented. The output noise of active-RC filter is a combination of the noise contribution generated by its active components and passive components [4] .
Noise Generated by Passive Components
The thermal noise of resistor is the main cause of the passive component noise at the filter output. Therefore, in order to reduce total active-RC filter noise, it is necessary to minimize resistor noise. Resistors can be represented by well-known Nyquist voltage model as depicted in Figure 3 . Here, e nR and R' represent noise source and noiseless resistor respectively. The noise source value are characterized by a constant spectral density of the mean square noise voltage as given in equation (4) .
The resistor noise is transferred to the filter output by the corresponding transfer function as shown in equation (5) .
T R,i is the noise transfer function which is the ratio of the output voltage to the input voltage e nR,i as shown in equation (6) . Here, e nR,i represents the noise voltage of the i-th resistor.
The total output noise can be obtained by the integration of noise spectral density over the full frequency band. Therefore, for the biquad circuit of Figure 2 , the output noise generated by four resistors R 1 , R 2 , R 3 and R 4 is derived as shown in equation (7). Using equation (7), biquad output noise contributed by each resistor can be calculated.
For the resistor R 4 in the 2nd stage biquad, the resistance value is 10.39kΩ as shown in table.Ⅰ. The biquad output noise contributed by R 4 is derived as shown in equation (8) and the calculated value is 2 10 2 4
(8) Figure 4 shows the simulated output noise spectral density results for the same resistor R 4 . The integration for the graph of Figure 4 presents the simulated output noise value, , which shows good correspondence with the calculated value. For the higher order filter, several biquads are connected. If the filter is composed of N biquads, the noise from resistors in n-th biquad is amplified or suppressed by the transfer characteristics of following biquads, from (n+1) th to N th biquad. Equation (9) gives the power spectral density of N-biquads filter output noise,
, which is generated by resistors in n-th biquad. Here, T n (jω)is transfer function of n-th biquad and    2 Bn , no e represents n-th biquad noise power generated by its resistors.
Therefore, the total output noise power spectral density of the N-biquads filter is derived as shown in equation (10). And, the total output noise is obtained by integration of this noise spectral density 
Noise Generated by Active Components
For the wireless communication applications, active filter is favored in the baseband chain because gain block is essential to enhance sensitivity. And the op-amp is widely used for baseband gain blocks such as active filter and variable gain amplifier. The opamp is noisy circuit block because built-in semiconductors and resistors inherently generate noise [5] . Figure 5 shows the equivalent schematic model of the op-amp noise for the negative feedback amplifier. Here, the noise model is composed of noiseless amplifier, voltage noise source e na and current noise source i na [6] . Here, the input current level of op-amp is very low and the noise current spectral density i na is customarily neglected compared with e na [7] . Therefore the equivalent schematic noise model of op-amp can be simplified as shown in Figure 6 (a). As the op-amp has very low output impedance, the output node can be considered to be shunted to ground. As a result, the noise model of Figure 6 (a) can be modified to the extracted noise source model as depicted in Figure 6(b) . Here, the extracted noise source e' na is given by With this noise source referral method, the schematic noise model of op-amp is applied to the 2nd order biquad circuit as depicted in Figure 7 . In equation (13) and (14), e na is inherent noise source of op-amp which is assumed to have a uniform spectral power density except very low frequency range where flicker noise is dominant. The noise sources generated from op-amp and resistors are random and uncorrelated, therefore the output noise power spectral density can be calculated by the summation of each noise source contribution [6] . Similar to the passive components noise, each active component noise contribution can be calculated with noise source and its corresponding noise transfer function. As a result, the total output noise spectral density due to active noise source of each op-amp is derived as 
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Figure 8. Schematic Diagram of the OP-amp
The same structure is used for front and rear op-amp in the biquad circuit of Figure 7 , and Figure 8 shows the op-amp schematic diagram. For the circuit component values of 2nd stage biquad in Table I , the simulated 100 kHz noise at the output of front op-amp is . The calculated and simulated noise results show good correspondence. And for the 2nd stage biquad, the total output noise generated by front op-amp is derived as . Figure 9 shows the simulated output noise power spectral density generated by the front op-amp in the 2nd stage biquad. The integration for the graph gives the simulated output noise 
Noise Optimized Filter Design
The higher order filter is composed of cascaded biquad circuits. The noise from passive and active circuit components is amplified or suppressed by the transfer characteristics of each biquad. Therefore, biquad circuit block itself should be designed to have a low noise characteristics and the placement of each biquad should also be determined for noise suppression. For the passive components, resistors mainly generate noise and both the value and the placement of the resistors decide the amount of noise. With equation (3) and (7), the total output noise of biquad generated by four resistors, R 1 ,R 2 ,R 3 and R 4 , can be derived as
To improve the biquad noise characteristics, large value is required for R 1 , R 2 , C 1 and C 3 and low value is required for R 3 and R 4 . For the active components, MOSFET generates more noise than BJT. Therefore the first stage of the op-amp is designed with BJT and the second stage is composed of MOSFET as depicted in Figure 8 . As derived in equation (9) and (10), noise generated by front biquad is amplified by the gain of rear biquad. Therefore, high gain and low noise biquad should be placed forward to minimize the output noise.
In addition to the noise analysis, the linearity is also an important issue for the design of channel selection filter. For enhancement of linearity characteristics, harmonic signal component suppression is required. Since the 2nd harmonic signal component is far less than the 3rd harmonic for a balanced circuit, designing a filter with low 3rd harmonic component is a proper solution to improve the linearity. For an input signal given in equation (21), the output of a nonlinear circuit is derived as equation (22). a represent the DC, linear gain, 2nd harmonic and 3rd harmonic conversion factor, respectively. From the linearity point of view, the biquad can be simplified as a negative feedback implementation of this nonlinear circuit and Figure 10 shows the equivalent model for the negative feedback nonlinear circuit [8] . Therefore, a lower biquad transfer gain T is desirable for linearity consideration. With these linearity and noise analyses, the biquad circuit component values and biquad placement are changed for filter performance optimization as Table 2 . Both filters are designed to have low-pass response at 2.3MHz cut-off frequency with 6th-order elliptic characteristics. Filters have 3 stages and each stage is composed of 2nd order biquad. For comparison of both cases, the simulated filter output noise contribution(VNC OUT ) at 100kHz, generated by each circuit component of biquad, are presented in Table 3 . 
Experimental Results
The optimized 6th-order elliptic low-pass filter is implemented in a 0.35μm BiCMOS technology for WCDMA channel selection. Figure 11 shows the microphotograph of the proposed elliptic lowpass filter, the chip size is 1.0×1.15mm 2 and consumes a total current of 3.8mA from a 1.8V supply. The measured cutoff frequency is 2.3 MHz as depicted in Figure 12 . 
Conclusions
A low noise 6th-order elliptic low-pass filter for WCDMA DCR is reported. For the noise optimized characteristics, noise analysis, design procedure and techniques are described for both biquad circuit and 6th-order filter. The filter is implemented in a 0.35 BiCMOS technology and has 2.3MHz cutoff frequency. The filter consumes 3.8mA current from 1.8V supply and presents 60dB stopband rejection, Hz V n .8 27 input referred noise and 22.4dBm IIP3. These results show that filter noise and linearity characteristics are optimized by proper allocation of the biquad circuit component values and the biquad placement, as proposed.
